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FOREWORD

The study summarized in this presentation was conducted by Lockheed Missiles &
Space Company (LMSC) for the Air Force Rocket Propulsion Laboratory, Edwards,
California, under contract F04611-69-C-0041. The study was under the technical di-
rection of Mr. David T. Clift, Propulsion Subsystems Branch, Liquid Rocket Division,
and Lt. George T. Reed, Analysis and Applications Branch, Liquid Rocket Division.
The study technical effort has been conducted between the period from December 1968
to July 1969.

The study report is published in the following four volumes:

Volume I - Management Study Summary
Volume II - Technical Study Report
Volume III - Supplemental Data (Appendixes)
Volume IV - Special Supplemental Data

NOTE: Because of its size, Volume II is bound in two separate books: Part A contains
Sections 1 through 5; Part B contains Sections 6 through 9. Both Part A and
Part B contain a full table of contents, for the convenience of the reader.

Classified information has been extracted from those documents marked with an aster-
isk in Section 9, Volume II, Part B (References).

Major contributors of the study were as follows:

L. L Morgan - Study Manager

R. L. Gorman - Component Engineering

H. L. Jensen - Subsystem Engineering

R. F. Hausman - Accessibility and Subsystem Tradeoff Studies

H. K. Burbridge - Reliability Studies

C. V. Hopkins - Advanced Technology Programs

K. Urbach - Subsystems Checkout

R. M. Bonesteel - Fracture Studies

R. E. Lewis - Fracture Studies

Y. Yoshikawa - Thermodynamics

This technical report has been reviewed and is approved.

David T. Clift

AFRPL Project Engineer
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ABSTRACT

(U) This study was performed for the Air Force Rocket Propulsion Laboratory with
the principal objectives of (1) determining the propulsion subsystem requirements for
reusable launch vehicles and spacecraft, (2) determining the suitability of existing
expandable propulsion subsystem technology and components for reusable applications,
and (3) recommending subsystem component and design approaches which are best
suited to manned reusable vehicles. The effort was limited to the analysis and evalua-
tion of liquid rocket propulsion subsystems. Rocket engines were not examined
study.

(U) Baseline vehicles were established by updating designs from previous studies.
The selected vehicles consisted of three categories: (1) Reusable Space Launch Vehi-
cles, (2) Cryogenic Spacecraft, (3) Storable Spacecraft. Two reference missions
were established for each type of baseline vehicle, and designs were adjusted for each.

(U) The vehicle designs were extended to include the propulsion subsystems necessary
for accomplishment of the agreed upon reference missions. The depth of these design
definitions were sufficient to provide a basis for subsequent tasks. Certain particular
problems related to reusable vehicles were examined, such as thermal analyses, re-
entry hazards, design allowances, passivation hazards, and propellant specifications.

(U) Specific requirements were established for all of the propulsion subsystems for
each of the reference vehicles, including total active and inactive life, required com-
ponent cycles, acceptable propellant leakage, and acceleration loading. Evaluations
were made of the availability of existing hardware to satisfy the subsystem and compo-
nent requirements. Investigations were performed of the component replacement re-
quirements and the overall effects on the probability of failure of various subsystems.

(U) Subsystem tradeoff evaluations were accomplished by displaying the various advan-
tages and disadvantages of the subsystems in order that selection of particular compo-
nents and designs could be completed. Reusable propulsion subsystem technology and
component requirements derived throughout the study were translated into recommen-
dations for specific exploratory development programs. Relative priorities have been
established for the programs.

(U) The study resulted in the general conclusion that the current approaches to subsys-
tem and component design are satisfactory for reusable propulsion subsystems, and
suitable subsystems may be designed and operated using existing hardware, with the
confidence that a number of flights may be completed within the lifetime of the com
components.

(U) The technology program recommendations were directed, for the most part, at the
accomplishment of specific objectives (such as the development of thermal protection
systems, integrated attitude control systems, etc.), or at more general programs con-
tributing to needed technology (such as fracture mechanics, leakage detection, etc.).

ix
Preceding Page Blank



AFRPL TR-69-210
Vol I

Section I

INTRODUCTION (U)

(U) Reusable space transportation systems may be operational within the next 5 to

10 years. During the period of performance of this study, interest in industry and

government has increased very significantly. The results of this study cover many of

the aspects of reusable subsystems and will serve as a basis for determination of many

of the future technology requirements. The initiation of this study by AFRPL was ex-

tremely timely, in view of the recent increased activities in reusable space transpor-

tation systems.

(U) The growth of interest and activities in reusable space transportation systems

during the period of this study was so rapid that even the "baseline" designs established

as study references have become outdated. However, the conclusions regarding com-

ponents and subsystems, operational modes, and required technology programs are

applicable even to the largest reusable space transportation systems currently being

investigated at the time of this report.

(U) The major output of the Reusable Subsystems Design/Analysis Study was the

Advanced Technology programs recommendations, which were considered to be require-

ments and/or desirable inputs to future reusable vehicle programs. Throughout the

study, an attempt was made to identify the Advanced Technology requirements for each

of the subsystems of the reusable vehicle at the time that the evaluations were being

performed. This approach increased the effectiveness of the assessment of the tech-

nology requirements.

1. 1 OBJECTIVES AND SCOPE (U)

(U) The principal objectives of this study were as follows:

* To determine the propulsion subsystem requirements for reusable launch
vehicles and spacecraft (as applicable to selected reference designs)

1-1
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* To determine the suitability of existing expendable propulsion subsystem
technology and components for reusable applications

9 To recommend subsystem components and design approaches which are best
suited to manned reusable vehicles.

(U) The effort was limited to the analysis and evaluation of liquid rocket propulsion

subsystems and the application of these to reusable launch vehicles and spacecraft.

Rocket engines were not examined in the study.

(U) The steps in accomplishing the study are shown in Figure 1-1. Reference vehicles

were established by updating previous designs. The designs of the propulsion subsys-

tems of these reference vehicles were extended to more depth, as necessary, and anal-

yses were conducted. Requirenmeats for components and subsystems were established.

Existing components were examined in view of the requirements. Subsystem tradeoffs

were performed to present the advantages and disadvantages of the systems. All steps

of the study effort were examined to determine the advanced technology requirements.

.........................
SEIT MINATION OFI

_4SUBSYSTEM REQUIREMENTS1

REFERENCE
VEHICLES REUSABILITY

,OF EYXISTING
-- EXTENDED• •~COMPONENTS • . ... =

EXTENDEDe_ FIH AVNEPROPULSION CLASSIFICATION ACCESSIBILITY FLIGHT ADVANCED
SUBSYSTEM QUALIFICATION TECHNOLOGY

DESIGN

TRADE OFF RECOMMENDATIONS

EXTENS;ON STUDIES JUSTIFICATION
OF 

-PRIORITIES

SUBSYSTEM
ANALYSES DESIGNS COMPONENTS

Figure 1-1 Overall Study Approach (U)
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1.2 STUDY TASK DIVISION (U)

(U) The Study was divided into seven major tasks:

TASK 1 - SELECTION OF VEHICLES AND MISSIONS (U)

(U) The objective of Task 1 - Vehicle Selection, was to select three specific vehicle

configurations to be utilized in conducting the analyses. These configurations are to

provide the basis for extension of the designs in Task 2 and detailed analyses in Task 3.

(C) The technical requirements of the contract stated that the selected vehicles fit into

three categories:

(1) Reusable Space Launch Vehicle, L0 2/LH 2

(2) Cryogenic Spacecraft, LF 2/LH2

(3) Storable Spacecraft, N2 0 4 /50-50

(C) These baseline vehicles represented application of the liquid rocket engines being

considered by AFRPL in existing advanced development programs or contemplated

programs.

TASK 2 - VEHICLE DESIGN EXTENSIONS AND SUBSYSTEM ANALYSIS (U)

(U) The vehicle designs were extended to include the propulsion subsystems necessary

for accomplishment of the agreed upon reference missions. The depth of these design

definitions was sufficient to provide a basis for the evaluations in subsequent tasks. This

task required maximum use of existing data and related experience. The output of this

- task includes very little relative to selected components.

TASK 3 - EXTENSION OF SUBSYSTEM ANALYSES (U)

(U) The purpose of this task was to extend the analyses of the designs resulting from

Task 2, to examine certain particular problems related to reusability, and to provide

a broader basis for establishment of subsystem requirements.

1-3
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(C) Specific problems which were examined included: thermal analyses, reentry

hazards, design allowances, passivation hazards, and propellant specifications.

TASK 4 - DETERMINATION OF SUBSYSTEM REQUIREMENTS (U)

(U) The objective of this task was to determine the specific requirements for all of the

propulsion subsystems for each of the three vehicle configurations. The major require-

ments examined in the task included:

e Total active and inactive life

* Required number of component cycles

* Acceptable propellant leakage rates

* Acceleration loading (g vectors)

TASK 5 - REUSABILITY OF EXISTING HARDWARE (U)

(U) The objective of this task was to determine the availability of existing hardware to

satisfy the subsystem and component requirements established for the vehicles. Several

alternate components were considered for each of the applications, with the objective of

determining whether the requirements and reusable aspects were satisfied rather than

the selection of particular components for the application.

(U) An important activity in this task, and in Task 6, was the evaluation of the com-

ponent replacement requirements and the overall effect on the probability of failure

(reliability) of the various subsystems. These investigations reflected significantly

upon the predictability of the subsystems. Investigations were accomplished through-

the use of an advanced computer program.

TASK 6 - SUBSYSTEM TRADEOFF EVALUATIONS (U)

(U) The objective of this task was to complete the selection of particular components

and designs from the alternatives. The subsystem tradeoff evaluations were performed

by displaying the various advantages and disadvantages of the subsystems in order that

selections could be made. Considerable use was made of the SETA II outputs, which

1-4
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(U) provided information on the number of component replacements and the relative

probabilities of failure.

TASK 7 - ADVANCED TECHNOLOGY (U)

(U) This task translated the reusable propulsion system technology and component re-

quirements derived throughout the study into recommendations for specific exploratory

development programs. Justifications are provided for the programs, and included in

these are a review of past investigations. Relative priorities have been established for

the programs.

1.3 GENERAL CONCLUSIONS (U)

(U) At the beginning of the study, there was considerable doubt regarding the applica-

bility of existing component approaches to reusable vehicles. Also, it was apparent

from previous studies that the major influencing factors had not been given serious con-

sideration. As a result of this study, it was concluded that major changes in approach

were not necessary to obtain satisfactory reusable systems.

(C) The study resulted in the general conclusion that the current approaches to sub-

system and component design are satisfactory for reusable propulsion subsystems. It

was determined in the study that insufficient component lifetime data are available at

this time to determine accurately the performance of subsystems. However, examina-

tion and extrapolation of existing data resulted in the conclusion that suitable subsystems

may be designed and operated using existing hardware, with the confidence that a num-

ber of flights may be completed within the lifetime of the components.

(U) An important conclusion of the study was that "wearout" as such should not be a

factor in reusable vehicles. Components must be replaced before wearout effects in-

crease the failure rates of components; otherwise, control of reliability is very difficult.

(C) The subsystems of the Reusable Launch Vehicle (Space Shuttle) were found to be very

dependent upon the characteristics of the engine, as these characteristics will be defined

in a future development program. The feasibility, cost, and schedules associated with

1-5
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(C) engine development will be the ultimate determining factors in the selection of the

major subsystems for the Space Shuttle.

(U) The study did not result in the recommendation for major investigations to deter-

mine the lifetime and reusability of a large number of component types. It was generally

concluded after examination of the status of existing components that little activity in

terms of "general technology" would be required, and extensive testing programs would

be more costly than the results warranted.

(U) The technology program recommendations were directed, for the most part, at the

accomplishment of specific objectives (such as the development of thermal protection

systems, integrated attitude control systems, etc.), or at more general programs con-

tributing to needed technology (such as fracture mechanics, leakage detection, etc.).

1-6
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Section 2

SELECTION OF VEHICLES AND MISSIONS AND
EXTENSION OF VEHICLE DESIGNS AND ANALYSES (U)

(C) As a consequence of previous Lockheed-sponsored and Government-sponsored work,

Lockheed recommended for selection three reusable space transportation systems for

examination and approval by the Air Force Rocket Propulsion Laboratory, and two mis-

sions were selected for each of these through joint agreements. These baseline vehicles

represented application of the liquid rocket engines being considered by AFRPL in exist-

ing advanced development programs or contemplated programs.

"* Project 1: N2 0 4 /50-50 Propellants - Similar to the Aerojet General Corp.

MIST engine

" Project 2: LO2/LH2 Propellants - Pratt & Whitney XLR-129-P-1 engine

"* Project 3: LF 2 /LH 2 Propellants - Rocketdyne AMPS engine

(U) Necessarily, the reusable vehicles selected in January 1969 were representative of

the principal advanced concepts at that time. Recently, there has been considerable

evolution in the Space Shuttle vehicle designs. However, the results of this study are

still generally applicable to the Space Shuttle systems, since similarity in the require-

ments exist.

2. 1 SELECTED VEHICLES (U)

(C) The specific Reusable Launch Vehicle (Space Shuttle) was represented by the

Lockheed Space Shuttle stage-and-one-half-to-orbit multimission launch vehicle, shown

in Figure 2-1. Space Shuttle has a payload capability of up to 26, 000 lb in low earth

orbit, a crew/passenger capability of two to nine men, and an orbit staytime of up to

30 days.

2-1
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Figure 2-1 Selected Reusable Launch Vehicle (U)

(C) Two versions of this vehicle were utilized, for two different missions. The base-

line design configuration utilized three 350, 000-lb-thrust, AFRPL Project 2 engines

(XLR-129-P-l).

(C) The reusable spacecraft used with the LF 2 /LH 2 propellants and the N20 4 /50-50

propellants was based upon the FDL-5 vehicle designed by Lockheed (Figure 2-2).

Reusable spacecraft with high L/D are typically boosted to orbit by the Titan III vehicle.

(C) Four versions of the FDL-5 configuration were required to satisfy the requirements

of the missions:

* Cryogenic LF 2/LH2: 3 men- 30 days

2 men- 14 days

* Storable N20 4 /50-50: 3 men- 30 days

Unmanned - 180 days

2-2
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Figure 2-2 FDL-5 Vehicle Configuration (Cryogenic and Storable Spacecraft) (C)

(C) The cryogenic versions utilize the 30, 000-lb-thrust, AFRPL Project 3 engine

(AMPS). The storable versions are assumed to utilize the 30, 000-lb-thrust, AFRPL

Project 1 advanced storable engine.

2.2 SELECTED MISSIONS (U)

(C) A total of five missions were selected to be performed by the reusable vehicles,

as presented in Table 2-1. These included two for the Space Shuttle stage-and-one-

half-to-orbit launch vehicle, one mission specifically for the LF 2/LH 2 cryogenic space-

craft, one common mission for the LF 2/LH 2 cryogenic spacecraft and the N20 4 /50-50

storable spacecraft, and one mission specifically for the N2 0 2 /50-50 storable space-

craft. Therefore, two versions of each of the three vehicles were examined to provide

a basis for determination of subsystem requirements.

T
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Table 2-1

SELECTED MISSIONS
(CONFIDENTIAL)

SPACE SHUTTLE (REUSABLE LAUNCH VEHICLE)

"* Mission I - Logistics Resupply - 4 Days

"* Mission II - Orbital Experiment - 30 Days

FDL-5 LF 2 /LH 2 PROPELLANTS

* Mission III - Military - 30 Days

* Mission IV - Inspection - 14 Days

FDL-5 N2 0 4 /50-50 PROPELLANTS

* Mission III - Military - 30 Days

* Mission V - Inspection - 180 Days

2. 2. 1 Mission I Logistics Resupply (C)

(C) Requirements for this mission were developed from an analysis of the resupply and

crew rotational needs of a earth-orbiting space station. The Space Shuttle launches into

a circular parking orbit at an altitude of 100 nm. Ascent staging and drop tank jettison

occur when the drop tank propellant is expended. A waiting period of approximately

4 hours in the parking orbit is allowed for phasing. After phasing in the parking orbit,

the transfer to 260 nm requires approximately 45 minutes, and 1. 5-degree plane change

is effected. A gross rendezvous with a 20 nm separation is accomplished. The terminal

phase ends at about 1, 000 ft from the target vehicle, where the docking procedures, using

secondary propulsion, would begin. After the orbital resupply operations, entry would be

initiated by the application of the retro impulse with the main propulsion system.

2-4
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2. 2.2 Mission II Orbital Experiment (U)

(C) This mission is similar to Mission I with regard to ascent, deorbit, and entry.

The staytime in orbit is extended to 30 days. The vehicle performs three transfers

and two circularizations. The mission requires perigee freeze, which is performed

by the secondary propulsion system, combining this with drag make-up.

2. 2.3 Mission III Military (C)

(C) This is an orbital mission involving plane change only, without synergetic maneu-

vers. The mission velocities were based upon the maximum obtainable from reference

Lockheed LF 2 /LH 2 spacecraft, and this velocity was used to size the N2 0 4 /50-50

spacec raft.

(C) The spacecraft performs two transfers, two circularizations, a plane change, and

a deorbit. Perigee freeze by the secondary propulsion system is required.

2.2.4 Mission IV Inspection (C)

(C) Mission IV involves both orbital maneuvers and plane changes. The plane changes

are accomplished by both pure impulsive and synergetic maneuvers. The velocity capa-

bilities are based upon the maximum propellant loadings that can be accomplished in the

reference vehicle envelopes.

(C) It was assumed for the study that the inspection mission included two inspections of

evasive targets. Environments were established for the synergetic plane change man-

euvers, combining aerodynamic and thrust maneuvering.

2. 2. 5 Mission V Inspection (C)

(C) This missionis similar to Mission IV-Inspection, with the exception that the total

mission time is 180 days, and the vehicle is unmanned. The velocity capability Is based

"on the maximum propellant loading possible within the vehicle envelope. In order to

provide commonality with Mission IV, two inspections of evasive targets were assumed.

2-5
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(U) This mission was included to allow consideration of problems that might be related

to long duration missions.

2.3 EXTENSION OF VEHICLE DESIGNS AND ANALYSES (U)

(U) The vehicle designs were extended to include the propulsion subsystems necessary

for accomplishment of the agreed-upon reference missions. The depth of these design

definitions was sufficient to provide a basis for the following:

e Extended subsystem analyses, including examination of special problems

* Establishment of subsystem design, development, and operational requirements

e Evaluation of existing hardware to determine its ability to satisfy these
requirements

* Subsystem tradeoff studies for selection of reusable components and designs.

(U) The vehicle designs were extended in the areas of:

"" Propellant tankage

"* Tank support

"" Propellant orientation

"* Feedline systems

"$ Schematics

"$ Subsystem analyses

9 Thermal protection

2.3. 1 Propellant Tankage (U)

(U) Several propellant tank arrangements were examined for each of the vehicles, and

some of the principal approaches are indicated in Figure 2-3. The purpose of these

investigations was to uncover factors affecting reusability, problems associated with

feedlines, etc.

(U) The Space Shuttle tank designs shown here have proved to be generally applicable

to a wide family of vehicles. A separate tank for deorbit retro propellant or maneuver/

retro propellant is desirable.
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, - ',7 H f -

SPACE SHUTTLE FDL-5

Figure 2-3 Reusable Tankage Approaches (U)

(U) To obtain information for the required design allowables and the reusability of

tankage to be performed in Task 3, stress level and weight data were produced for

several typical tanks. The tank weights were relatively low.

(U) Two general conclusions resulted from the Task 3 subsequent effort:

* The required number of pressure cycles is too low to constitute a serious
influence on the tankage reusability.

* The sustained loading of the tanks for the required time periods is the major
factor influencing fracture.

(U) Two difficulties were encountered in obtaining definitive results from the evaluations:

"• The material thicknesses are low, which limits the applicability of fracture

analytical methods.

"* Limited data are available regarding threshold stress intensity factors for
crack growth in the various propellant environments.
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